PO PRICE $

CFSTI PRICE(S) $

Hard copy (HC)

Microfiche (MF)

MAGNETOPLASMADYNAMIC ARCJET THRUSTOR

Semi-Annual Report
2 May 1966 through 31 October 1966

Prepared by

Avco Corporation
Space Systems Division
Research and Technology Laboratories
Wilmington, Massachusetts

31 March 1967

f 853 July 65

Contract NAS 3-8907

Prepared for

Lewis Research Center
Cleveland, Ohio

National Aeronautics and Space Administration

4

N 67-31408

(ACCESSION NUMBER)

FACILITY FORM €02

ER)
(NASA CR OR TMX OR AD NUMB

(CATEGORY)

)

|
/—’/\éﬁl/

(o> —
30 r s By



MAGNETOPLASMADYNAMIC ARCJET THRUSTOR

Semi-Annual Report
2 May 1966 through 31 October 1966

AVSSD-0161-67

Prepared by
.Avco Corporation
Space Systems Division

Research and Technology Laboratories
Wilmington, Massachusetts

31 March 1967

Contract NAS 3-8907

Prepared for

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio



IT.

III.

VI.

INTRODUCTION‘...............'..............'.....'...

A,
B.
C.
D.

EXPERIMENTAL RESULTS....................... ...... ceee

A,

E.

TABLE OF CONTENTS

-

Program Scheduling..... ceeecnaee cecnee esecessvenn
Technical Summary................................

wn NN

NphwN =
el
2]
°]
o
0]
-
fd
)]
=
(s
Q
o g
o
Ia]
o7
Q
ct
o
H
[N
]
‘-1.
[78
0
0]
15,

Experimental Variation of Operating Parameters,
Water-Cooled.............c...... tecctrecsccsssess.s 6

1. Introduction............... ..... Y
2. Engine Configuration.................. cesacne 31
3. Discussion of Results,..... St et e et ac e e e 32

Engine Performance as a Function of
Propellant Flow Rate..................... B 1
Performance of Radiation Cooled Engines.......... 43

1. Comparison of Radiation and Water-
Cooled Engines...............................43
2. Effect of Scale-Down.......... teeesesesccessadb

Engine Life Demonstration........................50

MPD ARCJET ANALYSIS..................................52

MAGNET DESIGN CONSIDERATIONS.........................55

A.
B.

Current Status........iiiiiiiiiiiiiiiietnnnn....55
Radiation-COOled MagnetS....-.--.................57

1. Solenoidal Electromagnets....................57
2. Radiation-Cooled Magnet Subsystem............60
3. Magnet Coil Design...........................64

PROGMM DIRECTION......'.......'l..........I..I.'.'..67

REFERENCES........I...’...'l..’.........'.l.... ..... .68



Figure
Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10:

11:

12:

13:

14:

15:

16:

17:

LIST OF ILLUSTRATIONS

Sketch of Generalized MPD Thrustor Configuration...
Overall Efficiency versus Specific Impulse.........

Schematic Drawing of the MPD Configuration X-7C
Used for Tests of Sensitivity of Performance to

Configuration...... cesecneaas ceoen e e eeec s aesanann .
Photograph of X-7C MPD Thrustor.......e.cue.. coeans
Schematic Drawing of the X-2C MPD Thrustor.........

Anode Voltage versus Arc Current for X-7C-4
Engine. ...ivieeececeneeens ceessescscaana cececsecenne

Arc Voltage versus Arc Current for X-7C-4 Engine...

Thermal Efficiency versus Arc Current for X-7C-4

Engine. ...c.ceeeeeecerecsvosncaanscscoessasansccasaaas

Thrust Efficiency versus Specific Impulse for
X-7C Engines...c.iceceeecocscceccea cececeovecnaenaan

Thrust Efficiency versus Specific Impulse for
X-2C Engine B = 2.50 KgauSS.. .t .t v vtveoenvoncoeens

Thrust Efficiency versus Specific Impulse for
X-2C Fngine B = 0.83 KgAUSS..veveeceronoceoonacesa

Schematic Drawing of X-7CR MPD Radiation
Cooled Thrustor......eeeveeees. cheeco st s e

Photograph of X-7CR MPD Thrustor Disassembled......
X-7CR MPD Thrustor Assembled......cccvee.e cb e e .-
Comparison of Measured Efficiency of 4-inch
Diameter Water-Cooled and Radiation-Cooled

MPD ThruStOr....icoeeeeiecacscesonscsscncennnss ceee
Comparison of Measured Efficiency of 3-inch
Diameter Water-Cooled and Radiation-~Cooled

MPD ThrusStor....ce.eciteeeeesosescoocsssssonea cece s
Arc Voltage versus Current for the 3-inch

Diameter Water-Cooled and Radiation Cooled
P USEOT . it ittt ettt eeeeceasoeononsessssannscacssaca

ii

70

71

72

73

74

75

76

77

~J
o8}

80

81

82

83

84

85

86

\
-



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

20:

21:

22:

23:

24:

25:

26:

27

28:

LIST OF ILLUSTRATIONS (Continued)

Measured Surface Temperature versus Power for
Radiation Cooled Thrustors....... ceeeas ceeeceaan

Photograph of Radiation Cooled Alkali Metal
MPD Arcjet Model L-2..........00vvuunn... ceovene

Schematic of Radiation Cooled Alkali Metal
MPD Arcjet Model L-2........ ceeeccans ceccenasneae

Thrust Efficiency versus Specific Impulse for
the Model L-2 ThruUStoOr. .. iviinnenieennnnneennnn.

Anode Diameter versus Maximum Power for
Radiation Cooled MpPD Thrustors............c.u....

Photograph of X-7CR MPD Thrustor During
75-Hour Life TeSt....O........O.........QO.C.O.O

Calculated Current Density and Velocity
Distribution for the MPD Arc Discharge..........

Calculated Current Density Distribution for
High-Current Discharge.......... cececcacas ceccona

Resistivity versus Temperature for Copper and
Aluminum......iiuvinrnnnnnnnnnenennnnn. ceeccsean

Normalized Magnet Power versus Temperature......

Total Magnet System Weight versus Solenoid
Temperature.......ooecveeevenneen. e eeectesenaeann

Magnet Power versus Temperature.................

Magnet System weight versus Magnetic
Field Strength.“.'OOCOC..ODODOOO....000000.‘.‘..

87

88

89

90

92

93

94

95
96

97

99

Fabrication of Bitter Solenoid.......c00eev.....100

iii




I. INTRODUCTION

A. PROGRAM OBJECTIVES

The general objectives of Research and Development of a
Magnetoplasmadynamic Arc Thrustor, conducted under Contract
NAS3-8907 with the NASA/Lewis Research Center, are to conduct
experimental and analytical investigations of the Magnetoplasma-
dynamic (MPD) Arcjet Thrustor. The scope of the program includes
analysis and experimental evaluation of factors which establish
the efficiency and reliability of the MPD arc thrustor. The work
to be covered includes: (1) Parametric studies of the optimi-
zation of MPD thrustors, (2) analytical and experimental studies
of the acceleration mechanism, (3) analysis of the cooling
requirements, and (4) magnetic field coil design and cooling
requirements.
B. PROGRAM ORGANIZATION

The program originates with the Spacecraft Technology _
Procurement Section of the NASA/Lewis Research Center. The NASA
project manager iSLE£;~§A-DﬂmlEE;J The work on this contract is
being performed by the Avco Research and Technology Laboratories
in the Aero-Plasma Physics Directorate under Dr. R. R. John.
Dr. S. Bennett is associate project manager. Other principal
Avco/SSD participants are Dr. A. Tuchman, Dr. A. Malliaris,
Mr. W. Powers, and Mr. G. Enos. The Avco-Everett Research Labora-

tory personnel who are directly assisting in the analytical effort



on this program are Dr. R. Patrick, Dr. J. Workman, and
Mr. A. Schneiderman.
C. PROGRAM SCHEDULING

This report summarizes the first 6-month technical performance
on the MPD program for the period 2 May 1966 through 31 October
1966, Expenditures of man-hours and contract costs, as well as
the participation of engineering and scientific personnel, have
been accounted in the monthly progress reports for the 6-month
period,
D. TECHNICAL SUMMARY

An extensive comparison of MPD arcjet performance for liquid-
cooled and radiation-cooled configurations has been made. Tests
were conducted with ammonia propellant of 2"-, 3"-, and 4"-
diameter radiation-cooled designs having tungsten anodes and
cathodes. Comparative data were obtained with water-cooled
engines of the same internal geometry. In addition, parametric
variations in throat diameter, mass flow, magnetic field
strength, and power level were carried out using water-cooled
configurations to determine optimum performance conditions. A
major conclusion derived from the experimental test program is
that there is no significant difference in measured propulsion
performance produced by the mode of engine cooling. The overall
thrust efficiency in any case is poorer at very low mass flow
rates resulting in hijh engine temperatures for the radiation
engine. The maximum power input which can be tolerated with the

radiation-cooled version varies approximately as the arcjet




linear dimension. It is also concluded, based on a series of
tests with water-cooled configurations, that there is no strong
dependence upon throat size or throat configuration, at least
in the range of 0.5- to 0.85~inch throat diameter; outside of
this range some flow instability develops at larger diameters
and some lack of ability to handle the power develops at smaller
diameters.
A radiation-cooled MPD arcjet design of 4-inch diameter
appears to closely meet the objectives of the present study.
A 75-hour lifetime test was performed on such an engine at the
3600-second, 34-percent overall efficiency level under exhaust
environment conditions which were not optimum. Results of all
tests performed indicate that at equivalent back pressures
(about 100 microns), the performance of either the radiation or
water-cooled MPD thrustor is substantially identical to test
results reported by the NASA-Lewis Laboratory on comparable
designs. The improved performance noted on the NASA-Lewis
tests at very low back pressures therefore suggests about a
45-percent corresponding overall efficiency for the above test.
Analysis of the MPD arcjet discharge has been made using an
analytical model of a j x B arc assuming one-dimensional, steady
continuum fluid mechanics.  The analysis considers the conserva-

tion relations for a three fluid gas (electrons, ions, and



neutrals) with appropriate transfer terms in mass, momentum, and
energy for the three species. An applied axial magnetic field and
an induced azimuthal field is assumed. The voltage characteris-
tic is an empirical input. Transport coefficients and reaction
rates are deduced from experimentally determined cross sections.
Solutions are obtained through a set of first-order ordinary
differential equations which are solved on a high-speed digital
computer. Results for hydrogen gas typify the physical processes
occurring in the MPD arc showing a strong discharge centered
about the throat region of the nozzle. A low-pressure limit
exists for the establishment of a high-current discharge and the
current carried is pressure dependent.

A preliminary evaluation of a radiation-cocled magnetic field
colil design and associated magnet subsystem was made to establish
a technical approach to this requirement. Comparisons of the system
weights for aluminum or copper magnets of l-inch inner radius
at 1 kilogauss shows a requirement of about 2 or 3 percent of the
engine power-supply weight. Aluminum has a weight advantage at
fields below 1 kilogauss and copper fields above 1 kilogauss. The
total magnet- and power-supply weight within the approximations
of the study is less than 50 pounds, and the operating temperature
is below SOOOC. A Bitter type magnet design shows promise as an

efficient and practical solution for a self-cooling design.




II. EXPERIMENTAL RESULTS

A. BACKGROUND

1. Power Range

On the basis of best present estimatesl_4, it appears

that the development of power supplied within the next 10 to

15 year period will most likely be in the 5 to 50 kilowatt range.
This power range has thus been selected for primary attention in
MPD thrustor development.

2. MPD Thrustor Performance

A number of 1aboratories6_14 have carried out MPD thrustor
research. Although the devices differ in detail, the basic
configuration is as indicated in figure 1. A summary performance
curve15 is given as figure 2. Apart from a continued interest in
increasing the overall efficiency, the major problems now pertain
to the development of a long-life radiation-cooled configuration
and the determination of the effect of test environment on engine
performance.

3. Propellant Characteristics

The most promising propellants presently under considera-
tion for MPD thrustor operation aré lithium and ammonia. The major
advantage of lithium seems to reside in a smaller anode heating
during operation; thus the thermal efficiency is higher, leading

to possibly higher overall efficiencies, and the anode heat



rejection problem is less severe. The major advantage of ammonia
is the avoidance of high temperatures in the feed system, and

the fact that space flight qualified ammonia feed systems have
been developed. Major emphasis in this program has been upon
ammonia.

4. Magnet Assembly

In the power range 5-50 kilowatts MPD thrustors require
external magnets. Although it is not definitively established,
it appears that a solenoid of about 1 kilogauss axial field
strength and inner radius of one or two inches is adequate.
Development of a magnet configuration to provide this field at
minimum weight and/or power is desired.

5. Conclusions

The main objective of this program is thus development of
a long-lived, radiation-cooled, ammonia-fuelled MPD thrustor
with minimum magnetic field requirement, for the power range 5

to 50 kilowatts.

B. EXPERIMENTAL VARIATION OF OPERATING PARAMETERS, WATER-COOLED

1. Introduction

A series of experiments has been performed on a sedquence
of water-cooled MPD arcjets operated with ammonia as the propellant.
During the course of these measurements the quantities B, magnetic

field strength, I, arc current, ﬁ, metered ammonia mass flow,
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